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Ocean scalar irradiance near-surface maxima

Abstract—Estimates of the in-water spectral scalar irradi-
ance, E,, are needed to quantify the photosynthetically avail-
able radiation. When a highly scattering, optically thick me-

* dium is illuminated at its surface, it is possible under certain
conditions for E, to increase with penetration depth near the
surface, even if there are no internal sources at the wavelength
of interest. Analysis and numerical examples presented here
help to explain and quantify the magnitude and location of
potential subsurface E, peaks in source-free ocean waters and
the dependence of the phenomenon on the seawater optical
properties and surface conditions. Peaking in E, most likely
occurs when the incident illumination is strongly directed at
the zenith angle, and the location of the maximum is deepest
when the asymmetry of the scattering phase function is large.
The presence of surface waves and internal reflection greatly
reduces the chance of E, peaks being present, making a max-
imum in E, below the surface possible only if the single scat-
tering albedo, w,, is >0.95 in homogeneous waters or at po-
tentially smaller values if @, increases with depth.

In optical oceanography it is generally assumed that the
in situ scalar irradiance Ey(7) decreases monotonically with
optical depth 7. Although it is well known that the radiance
in a particular direction can increase with depth near the
surface (Preisendorfer 1976; Mobley 1994), it is generally
assumed that in the absence of internal sources the various

- direction-integrated irradiances decrease from the surface in

an approximately exponential manner (e.g. Kirk 1994b). In
contrast, researchers studying optics in biological tissue have
reported E(7) profiles that increase with penetration depth
near the surface and reach a peak before dropping off mono-
tonically. Scalar irradiance peaking has been both predicted
by theoretical models (e.g. Flock et al. 1989; Jacques and
Prahl 1987; Rastegar et al. 1989; Star et al. 1988) and ob-
served in experimental measurements on tissue phantoms
(Moes et al. 1989; Star et al. 1987). Analogously, Lassen et
al. (1992) observed a peak in the infrared and near-infrared
scalar irradiance in marine microbial mats, and Sanchez

(pers. comm.) has reported computing peaks in nuclear re-
actor neutronic fluxes.

It'is important to know if and where EO(T) peakmg can
occur in natural waters in order to accurately estimate from

- surface measurements the total photosynthetically available

radiation (PAR) for randomly oriented phytoplankton in
ocean water or for algal mats at the bottom of ice layers.
We investigate both analytically and with numerical simu-
lations the cause of E (1) peaking and predict under what
conditions this phenomenon might be observed in natural
waters. The location and magnitude of E(7) maximums are
determined by solving the classical albedo problem of ra-
diative transfer theory for particular seawater propertiés and
surface illumination conditions.

Analysis—We are interested in the radiance L that satisfies
the integrodifferential radiative transfer equation

PAL(T, ot + L(7, p) = wy(7) f B(r, p'—wL(r, p')dp',
(D

where 7 is the dimensionless downward optical depth mea-
sured from the surface and the single-scattering albedo, w,,
is the ratio of spectral volume scattering coefficient b to the
spectral volume attenuation coefficient ¢, with w, =< 1. Here
L(7, ) is the spectral radiance, integrated over the azimuthal

angle, whose direction cosine with respect to 7 is u, and
is the azimuthally integrated spectral scattering phase func-
tion. Internal sources, such as from fluorescence, biolumi-
nescence, or Raman scattering, are not considered here.

The scalar irradiance E(1) = E,(7) + E, (1) is givéen in
terms of its downward and upward components by

0

E(7) = f L(7, p) dp and E,(7) = f L7, w) dp, (2)
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and the irgadiancc E(") = E(7) — E(7) is given by

E(D = f pl(r, p)dp and E(7) = f [plL(7, 1) dp.
| | . B

The ratio fi(7) = E(1)/E,(7) is the mean cosine of the radi-
ance distribution.

Scalar irradiance peaking can occur when the surface il-
lumination is highly directed in the vertical direction and the
rano of scattering to absorption is high. An increase of pho-
* ton density with depth occurs due to the decrease with depth
of the average vertical component of the velocity. of the pho-
tons. This vertical velocity at a given depth is @i(7)¢, where
¢ is the speed of light at the wavelength of interest. As a(7)
decreases with depth near the surface, the downward vertical
progress of the photons slows, and, if absorption is low, the
concentration of photons increases. Consider the idealized
case where highly collimated light is incident at the surface
of a nonabsorbing medium. If the scattering of the incident
light is predominantly into directions in the downward hemi-
sphere so that scattering into upward directions can be ig-
nored to first order, then for some depth 7, E(1)) = E(0*%),
the downward irradiance just below the-surface, and thus
Ey(1) = E(m)la(r) = @(0* )E,(0* )/(m). Therefore, Eq(T)
> E(0%"), provided that @(0*) > ji(r;). For this special (un-
realistic) example, the magnitude of the irradiance peak
could be near a factor of 2 greater than E,0*) as ji(7) de-

creases from near unity at the surface to near 0.5 at large

depths. However, in realistic cases, the presence of absorp-
tion and scattering into E (7) tends to cause E(7) to decrease
with depth, thus reducing the likelihood and magnitude of a

E(7) peak.

To see how absorption and backscattenng affect Ey(7) pro-
files, consider a homogeneous, semi-infinite body of water
with a purely collimated incident illumination at an assumed
flat surface with boundary conditions

LO, p) = 8k = pollp,, O=ps=1, (4
L, =0, u<0, | )

and let us here ignore the index of refraction mismatch. A
single-scattering approx1mat10n allows us to write (Gordon
1994)

L 1) ~ L9, @) + @O, ) + O, (©6)
where the unscattered light is given by

0, n<O0
and LY(r, p) is light that has been scattered only once. The
governing equations for L)(r, u) are obtained by inserting
Eq. 6 into Eq. 1, 4, and 5 and extractlng the terms containing
w, to the first power,

ALY (7, @)
3
=

LO(r, p) = {exP(_Tlﬂ)s(P« = o) thos

+LO(7; ) = Blio —> wexp(= /o)l io,  (8)

LO©, py = LOGe, —p) = 0, w=z0, ©

which have the solution

n = 0} (7).

exp(—7/io) — exp(—7/u)

LO(T, ) = Ppo—> ) , w>0, (10)
o — M :
) —_0 exp(_T/l'l’O)
L, P«)-B(%—»MT'M—, S w=0. 1D
0 | .

Eq. 10 and 11 are consistent with the leading-order terms in
Eq. 4 and 5 of Pahor (1968). The single-scattering approx-
imations to the downward and upward scalar irradiances are

Eo.z("') =~ CXP( T/Mo)

eXP( /o) — exp(— T/u)
B(Mo du,
Ko = M

| (12)

w0y exp(—T/jto) B““'*;” . (13)

E, (1=

For any p < p,, the factor [exp(—7/uy) — exp(—7/pw)} (1,
— ) in the integrand of Eq. 12 exhibits peaking with depth,
increasing from zero at the surface to a maximum before
decaying exponentially at large depths. The peak magnitude
is greatest and shallowest for small u. For example, for u
of 0.1 the maximum is 0.77 at 7 of 0.26, while for u of 0.9
the maximum is 0.39 at 7 of 0.95. Eq. 13 indicates that the
single-scattering E,,(7) decays monotonically with depth, al-

though peaking in E,,(7) can occur once higher order mul-

tiple scattering is considered.

Peaking in the single-scattering Ey(7), obtained from the
summation of Eq. 12 and 13, is most likely and most pro-
nounced if w, is large, giving high weighting to the last term
in Eq. 12. Natural waters exhibit a large range of values of
w,, and w, is sometimes very high near the coast. The peak-
ing is greatest when the amount of backscattering is small,
as determined by B(u, — w) for u < 0, which keeps E, (1)
small. For u > 0, peaking is greatest when the shape of

B(pe — w) is such that its magnitude is relatively large near

p of 0 and small near u of 1..However, in natural waters

the magnitude of B(u, — w) is always significantly greater
near p of 1 than near u of 0, more so than of the media
studied in the references cited earlier, so we expect that the
peaking in ocean waters may be less pronounced than in
other media.

Single-scattering: analysis, however, does not fully de-
scribe the peaking phenomenon. A more rigorous investi-
gation into E, peaking can be made by considering the var-

ious diffuse attenuation coefficients. Differentiation of the

relationship @(7) = E(7)/E\(7) gives

K, =K, - K, (14)

1)

where K, = —(c/p)(dji/dn), Ky = —(c/E)(dE/dT), and K, =
—(C/EO)(dEO/dT) Peaking in E, can only occur if K, < 0
(dE,/dT > 0) between the surface and the depth of maximum
E, Because K in source-free waters is always posmve
(Mobley 1994, p. 281), it follows from Eq. 14 that K, is
negative if

K, > K, (15)
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This requires that dji/dr be negative, which is typically the
case just below the surface, with ji(7) either decreasing
monotonically with depth or reaching a minimum before in-
~ creasing toward an asymptotic value (Bannister 1992); equa-
_ tions are available for predicting which case will occur (Mc-
Cormick 1995). The magnitude of |dfi/d7] near the’ surface
is largest and that of |[dE/d1] is smallest when w, is large
(Berwald et al. 1995). Therefore, Eq. 15 is most likely to be
satisfied when w, is large and when the sun is at the zenith,

the sky is clear, and the sea state is calm so that j is near

unity.

Another way to view the question of peaking is to use an
equation (Gershun 1939) for the spectral beam absorption
coefficient, a = K. Differentiation of this equation shows
that (Zaneveld 1989)

K, =K, — K, (16)

where K, = —(c/a)(da/d7) and K = —(c/K;)(dK/d7). Sub-
stitution of this into Eq. 15 gives a second interpretation for
peaking,

K,> K, + K,. an

This indicates that E, peaking is enhanced when the value
of a decreases with depth and is reduced when a increases
with depth. This is a multiple-scattering effect due to the
increase with depth of the reflectance of the total water vol-
ume below. In locally homogeneous waters, Eq. 17 reduces
to —K; > K.

Numerical simulations—Numerical simulations help to
quantify the influence of water properties and surface con-
ditions on the magnitude and location of possible peaks in
E(7). Simulations for inhomogeneous water properties were
performed using a Monte Carlo code provided by Gordon
(pers. comm.). Simulations for locally homogeneous waters
were performed using the discrete-ordinates code DISORTB
(Jin and Stamnes 1994) in which the integral in Eq. 1 is
approximated by a Guassian quadrature summation and the
index of refraction n = 1.34 of the water is taken into ac-
count by using a discontinuity at the surface in the number
of radiative streams. A comparison of the Monte Carlo and
DISORTB codes has been given in Mobley et al. (1993).
Unless otherwise noted, the boundary condition just above
the surface is that of Eq. 4 with u, = 1. The optical depth
was 50 and the bottom was purely absorbing.

The simulations showed that internal reflection at the sur-
face, arising from the index of refraction mismatch, has a
profound effect on the shape of irradiance profiles. For ex-
ample, Fig. 1 shows the profile of simulated E,(7) in ho-
mogeneous - waters. The Petzold particle phase function
(Mobley et al. 1993) was used and w, = 0.99. Also shown
are the portion of E(7) due to internal reflection and the
portion resulting from photons not internally reflected. It can
be seen that if it were not for the index of refraction mis-
match at the surface, E,(7) would have a maximum value at
Tof 5 that is 32% greater than E,(0*) just below the surface.
However, the portion of E (1) due to internal reflection is
monotonically decreasing, and the superposition of the two
portions of the light field results in an overall E,(7) that in
this case peaks by only 1.2%. Therefore, despite the very

optical depth
1
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Fig. 1. Scalar irradiance vs. optical depth for the Petzold par-
ticle phase function and w, = 0.99. Shown are (a) total E(7), (b)
the portion of Ey(7) independent of internal reflection, and (c) the
portion due to internal reflection.

large peaks in E(7) predicted when internal reflection is ne-
glected and reported (e.g. in Star et al. 1987), the influence
of internal reflection on the light field in the atmosphere—
ocean system dominates over the processes that leads to
peaking, forcing the magnitude of peaks in E,(7) to be small.

Simulations were performed for various values of w, and
B to determine the effect of the water properties on the mag-
nitude and depth of the E (7) maximum. The simulations
were computed with the Petzold particle phase function and
with the Henyey—Greenstein (1941) phase function, which
depends on only the scattering asymmetry factor g (—1 =
g = 1) that is the mean cosine of the scattering angle for
the phase function. In typical ocean waters 0.75 < g < 0.95 .
(Gordon et al. 1993). Selected Ey(7) profiles are shown in
Fig. 2. Each profile is normalized to unity just below the
surface so that the shapes of the profiles can be compared.
A subsurface E,(7) maximum only occurred for very large
values of w,, i.e. w;, > 0.95 for the Henyey-Greenstein phase
function and w, > 0.97 for the Petzold phase function. The
depth of the peak is deepest for large values of g and for
large w,, and for the Henyey—Greenstein phase function the
relative magnitudes of the E(7) peaks are greatest for g =~
0.9.

Equation 17 indicates that peaking in E,(7) is enhanced
by an absorption coefficient that decreases with depth or,
equivalently, a single scattering albedo that increases with
depth. Figure 3 shows three simulated Ey(7) profiles for g of
0.9 with the Henyey—Greenstein phase function, each nor-
malized to unity at the surface. Two of these are for ho-
mogeneous waters with w, of 0.90 and 0.95, respectively,
while the third is for a wy(7) that increases linearly from w,
of 0.90 at 7 of O to w, of 0.95 at 7.of 1.0 and is constant at
o, of 0.95 for 7 > 1.0. While E(7) in each homogeneous
case decreases monotonically with depth, E,(7) in the non-
homogeneous case peaks at about 7 of 0.8, confirming that
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Fig. 2. Scalar irradiance vs. optical depth for locally homoge-
neous waters. Profiles a, b, and c are for the Petzold particle phase
function with @, = 0.97, 0.98, and 0.99, respectively, and cases d

~and e are for w, = 0.99 and with the Henyey-Greenstein phase

function for g = 0.75 and 0.95, respectively. Each profile is nor-
malized to its value just beneath the surface, E,(0*) = 1.71, 1.99,
2.58, 2.20, and 2.86, respectively.

stratification of the water column can enhance, or detract
from, the magnitude of a E(7) peak..

In Figs. 1-3, the illumination used was direct sunlight
against a black sky and the sea surface was taken to be flat.
Diffuse skylight and surface waves both cause the light field
just below the surface to be more diffuse which, as indicated
by Eq. 15, reduces the chances of observing an irradiance
peak. For example, for o, of 0.99, g of 0.90, the sun at the
zenith, and no skylight, there is a 1.6% peak in E (1), where-
as for the same water properties and 75% direct light and
25% skylight, there is only a 0.4% peak in E,(7). Placing
the sun at angles other than the zenith also decreases any
Ey(7) peak. For example, if for these same water properties
and no diffuse skylight the sun is moved from the zenith to
8°, the Ey(7) peak decreases to 0.38%.

Discussion—Peaking in E,(7) is caused primarily by the
portion of the incident radiation at small polar angles that
scatters into larger polar angles within the downward hemi-
sphere (u > 0). This tendency for Ey(7) to peak below the
surface is greatly dampened by the presence of internal re-
flection, which adds to the light field a nearly diffuse con-
tribution that is monotoncially decreasing with depth. With
internal reflection and a realistic form of the scattering phase
function for natural waters, E,(7) peaking can only occur for
large values of w,. The relative magnitude of E,(7) maxima
is greatest for moderately large values of g (~0.9) because
backscattering detracts from peaking and because the loca-
tion of a maximum is deepest for large values of g where
the light field is least inflienced by internal reflection.

In case 1 waters, w, is typically not large enough for sub-
surface peaking in Ey(7) to occur. It is not surprising that
peaking in E(7) is unlikely in open-ocean waters because it
is rarely observed. On the other hand, Kirk (1994a) has re-
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Fig. 3. Scalar irradiance vs. optical depth for g = 0.9 and for
(@) w, = 0.90, (b) @, = 0.95, and (c) w, increasing linearly from
w, = 090 at 7 =0to w, = 095 at v = 1.0, below which a,
remains constant. Each profile is normalized to its value just beneath
the surface, Ey(0*) = 1.28, 1.58, and 1.53, respectively.

ported observations of case 2 waters with values of w, as
high as 0.994.  Also, we note that Ey(7) peaking is likely to
occur within sea ice, especially for wavelengths near 470
nm where typically w, > 0.99 (Perovich 1996), and should
be considered in the modeling of algal mats below sea ice.
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